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Abstract

We have obtained a shear velocity model for the crust and upper mantle beneath Central Eurasia by
simultaneous inversion of broadband group and phase velocity maps of fundamental-mode Love
and Rayleigh waves. The model is parameterized in terms of velocity depth profiles on adiscrete 2
x 2 degree grid. The model isisotropic for the crust and for the upper mantle below 220 km but, to
fit smultaneously long period Love and Rayleigh waves, the model is transversely isotropic in the
uppermost mantle, from the Moho discontinuity to 220 km depth. We have incorporated newly
available a priori models for the crust and sedimentary cover, and used them as starting models for
the inversion procedure. The crustal part of the estimated model shows good correlation with
known surface features such as sedimentary basins and mountain ranges. The velocity anomalies
in the upper mantle are related to differences between tectonic and stable regions. Old, stable
regions such as the East European , Siberian, and Indian cratons are characterized by high upper-
mantle shear velocities. Other large high velocity anomalies occur beneath the Persian Gulf and the
Tarim block. Slow shear velocity anomalies are related to regions of current extension (Red Sea
and Andaman ridges) and are also found beneath the Tibetan and Turkish-Iranian plateaus,
structures originated by continent-continent collision. A large low velocity anomaly beneath
western Mongolia might be related to a hypothesized mantle plume. A clear low velocity zonein
Vs between Moho and 220 km exists across most of Eurasiabut it is absent for vgy. The character
and magnitude of anisotropy in the model is on average similar to PREM, with the most prominent

anisotropic region occurring beneath the Tibetan Plateau.

Keywords: Eurasia; Surface waves; Velocity structure; Crust; Upper mantle; Transverse isotropy



1. Introduction

This paper presents a new, high-resolution shear velocity model for the crust and upper mantle of
Central Eurasia, obtained by inversion of broadband surface-wave group and phase velocities. We
have two main motivations for conducting this study. First, knowledge of the regional structure of
the Eurasian crust and upper mantle is fundamental for understanding the tectonic framework and
mantle dynamics, posing constraints on possible models of geodynamic evolution. Second,
knowledge of the seismic velocity structure is necessary to determine seismic event locations
accurately and therefore for monitoring the Comprehensive Nuclear-Test-Ban Treaty (CTBT). The
effect of crustal and upper mantle structure is especially important for locating small events, which
are recorded only at regional distances. At these close distances body waves propagate exclusively
in the crust and upper mantle and their travel times are affected by strong lateral heterogeneitiesin
thisregion, and are poorly predicted by one-dimensional Earth models. The Eurasian continent isa
natural choice for this type of seismic study. It provides a unique opportunity to study ongoing
processes related to continental growth and collision and, from the CTBT monitoring viewpoint,
Central Asiais an important and challenging region. A number of nuclear test sites are located in
regions of significant structural complexity in Central Asia(Figure 1). The study of Eurasia using
seismic methods benefits from the Earth’ s largest intraplate seismic activity, related to the

continent-continent collision occurring along the Tethyan orogen (Figure 1).

Eurasiaisthe Earth’s largest continent, and contains large regions which have been assembled only

relatively recently, over the last 500 m.y. Morphologically it is composed of an assemblage of



micro-plates and cratons, separated by mountain ranges or fold belts. The most important event in
the recent tectonic history of the continent is the Indo-Asian collision, responsible for the formation
of the Himalayas and the Tibetan Plateau. This collision, initiated around 55-50 Ma. ago when the
northward moving Indian plate collided with Asia, still continues and provides the opportunity for
testing models of continental collision dynamics and continent formation. A large number of
researchers have studied the seismic structure of Central Asia, and particularly the Tibetan Plateav.
(See Molnar (1988) and Ritzwoller and Levshin (1998) for areview.) Tomographic body wave
studies have proven successful in imaging mantle structures, such as subducted slabs, back-arc
basins and plumes. However, they provide little information on crustal and uppermost mantle
structure, especially in regions without seismic sources and/or receiving stations. Therefore, the
structure of large regions of stable Eurasia has not been imaged by body wave studies. Surface
wave tomography alows us to fill in these gaps and to improve constraints in the crust and
uppermost mantle. Recent advancements in seismic instrumentation, and the installation of high-

quality regional networks has improved the quality and resolution of surface wave studies.

2. Data

The data used in this study consist of surface-wave group and phase velocity maps. These maps
represent the local group or phase velocity of the fundamental-mode Rayleigh or Love wave at
each period, and have been obtained by tomographic inversion of group and phase velocity
measurements (dispersion curves). The Rayleigh wave velocity maps used in this study rangein

period from 15 sto 200 s, and from 15 sto 150 sfor Love waves.



The group velocity maps used in this study derive from the dataset of Ritzwoller and Levshin
(2998), which has increased in size by about a factor of three. In this continental-scale study they
compiled waveform datafor events in Eurasia and along the surrounding plate boundaries from
global broadband seismograph networks (GSN, Geoscope) and regional networks (CDSN,
KAZNET, KNET, MEDNET). Group velocity dispersion curves were measured manually by
analysts using the frequency-time analysis method (FTAN) of Levshin et a. (1992). Vertica
component seismograms were used to measure Rayleigh wave dispersion, and horizontal
component seismograms rotated to the transverse component were used for Love waves. This has
resulted now into more than 29,000 measured Rayleigh wave dispersion curves, and more than
22,500 Love wave dispersion curves across Eurasia (20,000 Rayleigh measurements and 16,500
Love measurements inside the model region). The bandwidth of each measurement depends on the
ability of the analyst to identify the direct fundamental-mode arrival. At short periods (below 30 )
this arrival may be obscured by scattered waves. For longer periods the fundamental mode may be
poorly excited, particularly for events with magnitudes smaller than 5.0. In addition, it is difficult
to obtain high quality measurements for long period Love waves. This procedure resultsin a
different number of measurements for each period, wave type, and location, and consequently a
variable resolution of the maps. Figure 2 illustrates the differences in ray-path coverage for Love

and Rayleigh waves with periods of 40 sand 100 s.

Phase velocity maps have been obtained from the dataset of Trampert and Woodhouse (1995).
Unlike the group velocity dataset of Ritzwoller and Levshin (1998), thisis a global dataset, derived
exclusively from global networks (GSN, Geoscope). The measurement method is automatic and is

described in detail in Trampert and Woodhouse (1995). The period range of all measured



dispersion curvesisidentical (40 s— 150 s) resulting in the same data coverage for al periods
(Figure 2). The complete dataset comprises 23,000 measurements for Rayleigh waves, and 16,000
for Love waves. Becausethisisaglobal dataset, the ray-path coverage reflects the distribution of
global seismicity and global broadband networks, with the highest path density in the northwest
Pacific area (Figure 2). On the other hand, the dataset of Ritzwoller and Levshin (1998) exhibitsits
highest path density in Central Asiadue to the choice of seismic sources and the existence of dense

regional networks (e.g., KNET, Kazakh network, Tibetan Plateau PASSCAL array, €etc.).

Because of the distribution of earthquakes and seismic stations, both datasets exhibit considerable
redundancy, due to very similar paths. This allows consistency tests, outlier regjection, and the
estimation of measurement uncertainties (Ritzwoller and Levshin, 1998). In this procedure
(“cluster analysis’) measurements with very similar ray paths are binned to produce a cluster or
summary ray, resulting in areduced, cleaner dataset. After this procedure the resulting group
velocity dataset consists of 14,000 measurements for Rayleigh waves and 12,000 for Love waves.
The phase velocity dataset is reduced to 16,000 Rayleigh wave measurements and 11,000 for Love

waves distributed worldwide.

Rather than utilizing the group and phase velocity maps obtained by Ritzwoller and Levshin (1998)
and Trampert and Woodhouse (1995) we have estimated new maps using their datasets
(significantly incremented for group velocities). The reason is the different parameterization and
properties of the two sets of maps. In order to invert phase and group velocity maps
simultaneousdly, it is desirable to make their characteristics more homogeneous. The group velocity

maps of Ritzwoller and Levshin (1998) were obtained on a 2° x 2° grid using the method of



Y anovskaya and Ditmar (1990). This method is a generalization to two dimensions of a classical
one dimensional Backus-Gilbert approach, and sphericity is approximated by an inexact earth
flattening transformation. On the other hand, the maps of Trampert and Woodhouse (1995) were
parameterized in terms of a spherical harmonic expansion up to degree and order 40. We use the
tomographic inversion method of Barmin et al. (2000) to obtain new group and phase velocity
maps on a2° x 2° grid. This method uses spherical geometry, applies spatial smoothing
constraints, and allows for the estimation of spatial resolution and amplitude bias of the
tomographic images. Examples of the newly obtained group and phase velocity maps are shown in
Figure 3. Surface wave velocity maps have been obtained for the following periods: Rayleigh
group velocities for 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175, and 200 seconds;
Love group velocities for the same periods only up to 150 seconds; and Love and Rayleigh phase
velocities for 50, 60, 70, 80, 90, 100, 125, and 150 seconds. These surface wave dispersion maps
will be the data used to invert for shear velocity structure, amounting to atotal of 44 velocity data

for each geographical grid point.

3. A priori information on crustal structure

In recent years new information on global crustal structure has become available. One of the most
important contributions is the global crustal model CRUST5.1 of Mooney et al. (1998). This model
ison a5°® x 5° grid, and for each grid point the model is parameterized in terms of a depth profile or
column. The columns are divided in two layers of sediments, and a three-layer crystalline crust, in
addition to ice and water layers. Thickness, seismic wave velocities (P and S) and density are

provided for each layer of the model and also for the uppermost mantle. Although the availability



of thismodel isagreat improvement, its resolution (5 degree cells) is not optimal for regional

studies, and some large features are not present in the model (e.g., the Tarim basin).

Laske and Masters (1997) have recently compiled anew global sediment model on a1° x 1° grid.
Sedimentary cover in this model is parameterized by three layers. Layer thickness, wave velocities
(Pand S) and density are assigned for each model cell. The sources of the model in oceans are
published digital high-resolution maps, averaged for each 1° x 1° cell. In oceanic basins for which
such digital maps are not available (e.g., the Arctic and North Atlantic), the sediment thickness was
hand-digitized using atlases and maps. The sediment thicknessin most of the continental areas was

obtained by digitizing the Tectonic Map of the World (EXXON production research group, 1985).

In addition to global maps, more detailed regional maps and models are available for Eurasia. The
Russian Institute of Physics of the Earth (IPE) has published contour maps of sediment and crustal
thickness for most of Eurasia (Kunin et al., 1987). These maps are available in digital form from
the Cornell Digital Earth project (Seber et al., 1997). Recently a new model of Eurasian crustal
thickness has become available, as part of an effort of obtain a global model onaonal° x 1° grid
(G. Laske, personal communication, 1999). This model utilizes recent data from seismic profilesin
Eurasia, but contains large gaps in regions where no seismic refraction data are available (e.g.,

Afghanistan, Pakistan and Mongolia).

These a priori models of crustal structure are very important for obtaining our shear velocity model.
Because the problem of inverting surface wave velocities for shear structure is non-linear, we

linearize the problem and solve it iteratively. In this case, to guarantee the convergence of the



method to the global minimum solution, it isimportant to have a good starting model. Therefore a
priori models are extremely useful as starting models for velocity structure inversions. Some
parameters of the a priori models, such as crustal and sediment thickness, are usually well
constrained, especially in regions that have been the target of extensive active source seismic
experiments. Other parameters, such as sediment and crystalline crust velocities are, in general,
lesswell know. This knowledge of the properties of the a priori model can also be used in the
inversion procedure. Variablesthat are well known a priori can be tightly constrained to remain

near their starting or reference values, while constraints on other variables can be loosened.

4. Inversion method

We parameterize our three-dimensional shear velocity model in terms of one-dimensional, depth-
dependent velocity profiles determined at each node of a2° x 2° grid. In this point-by-point
inversion, the data are the values at the grid point of spatially smoothed group and phase velocity
maps for Rayleigh and Love waves at all periods. Each depth profileis divided into 4 layers:
sediments, crystalline crust, uppermost mantle (Moho — 220 km), and 220 — 400 km (Figure 4).
Surface topography, and water and ice layers are also considered in the model, but their thickness
and velocity are kept constant. For an isotropic parameterization, the model variables estimated in
the inversion are: sediment velocity (constant), basement topography, crystalline crust velocity
(constant and slope), Moho topography, uppermost mantle velocity (constant and slope), and
velocity between 220 km and 400 km. He have chosen this simple parameterization in order to
enhance the resolving power of the data while maintaining a physically reasonable model.

However, asit will be discussed later, this simple isotropic parameterization is unable to fit

10



simultaneously the long period Love and Rayleigh wave datain large regionsin Eurasia. This
discrepancy between long period Love and Rayleigh wave datain continental regionsiswell
known, and has been addressed before by permitting transverse isotropy in the uppermost mantle
(Dziewonski and Anderson, 1981). We have also incorporated transverse isotropy in our
parameterization, by introducing two shear velocities, vsy and vsy, between Moho and 220 km
depth, with the constraint that vsy = vsy a 200 km (Figure 4). The velocity of horizontally
polarized S waves, vsy, affects Love wave velocities, and the velocity for vertically polarized S
waves, vsy, affects Rayleigh waves. Therefore, the introduction of these two velocities effectively
decouples the Love and Rayleigh wave velocities for long periods, alowing the inversion to fit
them ssimultaneously. The inversion method uses the general linear inverse approach and is

described further by Ritzwoller et al. (2000, manuscript in preparation).

The starting model for the inversion is a combination of a priori crustal and mantle models.
Sediment thickness and velocities are obtained form the global map of Laske and Masters (1997).
Where available, we use the new Eurasia crustal thickness map (G. Laske, persond

communication, 1999), and we fill the gaps with the IPE map of crustal thickness (Kunin et al.,
1987; Seber et al., 1997) and CRUST5.1 (Mooney et a., 1998). The resulting reference models of
sediment and crustal thickness are shown in Figure 5. For the mantle we use as a starting model the
model S16B30 (Masterset al., 1996). Thisisan isotropic global mantle model, containing only
very long wavelength features. Using this compilation of apriori information, for each point in our
2° x 2° grid we construct a starting depth profile, following the parameterization shown in Figure 4.
The starting model isisotropic (Vsy = Vsy) but during the inversion, transverse isotropy will be

introduced between the top of the mantle (below Moho) and 220 km depth.
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5. Results

Figure 6 shows atypical example of theinversion results and datafit. The estimated models shown
here correspond to a grid node located in western Mongolia (48°N, 95°E), using isotropic and
transversely isotropic parameterizations. The estimated isotropic model (Figure 6a) is unableto fit
simultaneously the Love and Rayleigh wave data, although it develops a prominent low velocity
zone below the Moho in the attempt to do so. The model fits Love wave group velocities well but
overestimates Rayleigh wave velocities between 40 s and 100 s (Figure 6a, top right panel).
Interestingly, the situation is reversed for phase velocities: the model fits the long period Rayleigh

data (80 s— 150 s) well, but under-predicts long period Love wave velocities.

Transverse isotropy has been invoked in previous studies to explain this Love wave-Rayleigh wave
discrepancy for periods relevant to the upper 200 km or so of the mantle (e.g., Dziewonski and
Anderson, 1981). Theintroduction of two velocities in this depth range, vsy for horizontally
polarized S waves and vsy for vertically polarized S waves, effectively decouples the two data
types, because Rayleigh waves are sensitive mostly to vsy while Love waves are sensitive to vsy.
Figure 6b shows the inversion results and datafit for atransversely isotropic parameterization. In
the region between Moho and 220 km depth, vsy is greater than vs, and alow velocity zoneis
present in vsy but not in vsy. This parameterization substantially improves data fit, as shown in
Figure 6b. Love and Rayleigh wave velocities are now fit simultaneously, although the model il
underestimates L ove wave group velocities between 50 s and 60s. We have adopted this

transversely isotropic parameterization for all grid pointsin the model. Our goal isto define a
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simple model parameterization, while maintaining a physically reasonable model. For the model
described in this section, 8 parameters are estimated for each depth profile based on 44 data points

(surface wave velocities).

Comparisons between surface wave group and phase velocity maps and predicted maps from the
estimated shear velocity model provide a qualitative estimate of the datafit. Figure 7 shows maps
for 50 s Rayleigh wave group velocities and 100 s Rayleigh wave phase velocities, and theoretical
maps cal culated from our estimated shear velocity model. The agreement between the maps and

model predictionsisfairly good, particularly for long-wavelength features.

The resolution of the shear velocity model (depth profile) at a given grid point depends on the
resolution and quality of the surface wave velocity maps for that point. Maps for each period and
wave type have different spatial resolutions depending on the path density, azimuthal coverage and
quality of the measurements used (see Figure 2). For group velocities, coverageisvery high inside
the model region (box in Figure 2), but decreases across the Arabian peninsula and southern India.
Path density for phase velocitiesisin general lower than for group velocities (50 ray paths for each
2° x 2° node on average; Figure 2). The Arabian peninsula and southern India are also regions of
lower phase velocity path coverage, so we expect lower quality of the shear velocity model in these
areas. Path density and azimuthal coverage are fairly good for the rest of the model. Because the
inversion procedure is on a point-by-point basis and the surface wave velocity maps extend well
beyond the model boundaries, edge effects do not occur. In terms of depth resolution, a
degradation is expected below 220 km because of the number and quality of measurements

decrease toward longer periods, especially for Love waves.
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The crustal part of the shear velocity model is presented here as maps of sediment and crustal
thickness (Figure 8). Results correlate well with known tectonic features, such as sedimentary
basins, cratons and orogens. Estimates of sediment and crustal thickness after inversion are similar
to the starting values, and al major sedimentary basins are present in the final model. Thisisa
predictable result because low velocity features associated with major basins are clearly present in
the short period surface wave velocity maps (e.g., Ritzwoller and Levshin, 1998). Crustal
thicknesses beneath the Himalayas, Hindu-Kush, Tibetan Plateau and Tien Shan are not
significantly changed relative to the starting model. However, in the Caucasus, Urals and Zagros
the estimated crustal thickness is smaller that the starting model, resulting in less prominent crustal

roots for these regions (Figure 8b).

The upper mantle velocity structure (vsy) at a depth of 100 km is shown in Figure 9a. The most
obvious features of the model are the high velocity anomalies associated with the East European
platform, Siberian platform, and northern Indian shield. Some other positive anomalies smaller in
extent are found beneath large sedimentary basins: eastern Mediterranean, Caspian Depression,
Persian Gulf, and Tarim basin. Low velocities are associated with a segment of the Alpine-
Himalaya collision zone extending from Turkey to Iran and Afghanistan. The western Arabian
peninsula, Red Sea, and the Afar triangle region in northeast Africa are also underlain by large low
velocity anomalies. Large low velocity regions also extend beneath Indochina and the South China
Sea, and beneath Mongolia, with its largest anomalies occurring southwest of lake Baikal. Smaller

low velocity anomalies can also be found in northern Tibet, and south of Iake Balkhash.
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For comparison, Figure 9b shows the S velocity model of Bijwaard et a. (1998), obtained by
inversion of body wave arrival times from the dataset of Engdahl et al. (1998). The agreement is
very good in regions where both models are well constrained, with most of all long-wavelength
features present in both models, although the magnitude of the velocity anomaliesis generally
smaller in the model of Bijwaard et al. (1998). When comparing both models we must take into
account that the model of Bijwaard et a. (1998) is an isotropic model of S-wave velocity, vs, which
isunconstrained for shallow layers without seismic sources and/or receivers (e.g., the East

European and Siberian cratons).

The strength and distribution of transverse isotropy is shown in Figure 10 as the difference between
Vsy and vsy at 80 km depth. Vaues greater than zero indicate transverse isotropy with vsy > vsy
and negative values indicate reverse anisotropy in which vsy > vgy. Because of our
parameterization, the difference between vs, and vsy is largest just beneath Moho and decreases to
zero at 220 km depth. This situation is analogous to PREM for which the difference vsy—Vvsy just
beneath Moho is 0.22 km/s, equivalent to aintrinsic anisotropy of ~4.8%. At 80 km depth, the
difference vsy—Vvsy for PREM is0.15 km/s or ~3.4%. As can be seen in Figure 10, the mantle
beneath Eurasiais transversely isotropic with average values similar to PREM. Regions of larger
than average anisotropy are also found beneath north and central Tibet, Afghanistan and Burma.
Anisotropy is large in the western Arabian peninsula but this result is less reliable than for other
regions because of the decrease in coverage of the surface wave velocity mapsin thisarea. The
reliability of the vsy model isin general lower than the vsy model due to the smaller number and
quality of the Love wave data at long periods. In addition, the existence of reverse anisotropy (Vsy

> Vsy) IS questionable, occurring predominantly in regions where the long period group and phase
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velocity maps are inconsistent (e.g., in the East European Platform). We expect that the
incorporation of additional phase and group velocity data will improve the agreement between the

maps and eliminate these anomal ous regions.

The existence of alow velocity zone (LVZ) is determined by the sign of the vertical gradient of vy
and vsy between Moho and 220 km depth. A negative velocity gradient indicatesaLVZ and a
positive gradient indicates the absence of aLVZ. Figure 11 showsthat aLVZ in vsy is pervasive
across Eurasia, but isvery small or absent in vsy. This behavior in the uppermost mantleis
consistent with PREM. Regions with a pronounced low velocity zone (greater than PREM) in vy
include both mountain ranges and stable continental blocks. Tectonically active regions, including
the Tibetan Plateau, Hindu-Kush and Zagros, exhibit the most well developed low velocity zones.
Some stable regions such as the western part of the East European platform, Kazakh platform,

Arabian peninsula and Indian subcontinent also display prominent low velocity zonesin vgy.

6. Discussion

Asshown in Figure 9, the old, stable cratons located north of the Alpide-Himalayan orogenic belt
are characterized by high upper-mantle shear velocities. High shear velocities are also found
beneath the Indian shield, the southern Tibetan Plateau, and the Tarim basin (Figure 9). While high
shear velocities in the upper mantle are usually interpreted as an indication of old, cold, thick
lithospheric blocks, the structures associated with low velocity anomalies are more difficult to
interpret. Largelow velocity anomalies are associated with young, extensional plate boundaries, as

the Red Sea and Andaman ridges. The low velocity anomaly beneath central and northern Tibet
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has received a great deal of attention (see Molnar, 1988) because of itsimplications for the origin
and mechanism for the formation of the Tibetan plateau. However, although clearly present in our
model and in the model of Bijwaard et al. (1998), it is not one of the most prominent anomaliesin
magnitude or in extension. Based upon the presence of thislow velocity region and other evidence
(e.g., widespread Quaternary volcanism and inefficient S, propagation) Molnar et al. (1993)
proposed that the high-velocity Indian lithosphere has not been underthrusted beneath the Tibetan
Plateau, and that crustal thickening has occurred by north-south shortening of southern Eurasia's
crust. Asaresult, flow in the mantle under Tibet is probably from west to east, because it would be
blocked in the west by the keel of the Tarim block. Thisis supported by the orientation of SKS fast
polarization directions (McNamara et al., 1994) and by evidence of correlated crust and mantle
strain fieldsin Tibet (Holt, 2000). Anisotropy (transverse isotropy) in our model is largest beneath
Tibet (Figure 10) although the relationship between mantle flow and the strength of transverse

isotropy is poorly understood.

One of the most prominent upper mantle low velocity regionsislocated in the Middle East,
extending from Turkey to Iran and western Afghanistan (Figure 9). Thislow velocity anomaly
coincides with the Turkish-Iranian continental plateau, formed by the collision between the Arabian
and Eurasian plates. Thiscollision isthe result of the closing of the Neo-Tethys Ocean by
northward subduction of oceanic lithosphere beneath Eurasia. In Iran and western Afghanistan, the
low velocity anomaly is bounded to the south by high velocities, part of the Arabian plate. The low
velocity anomaly is also a prominent feature in the global model of Bijwaard et al. (1998; Figure
9b) and in P, tomography studies (e.g., Hearn and Ni, 1994), and is also coincident with a region of

high S-wave attenuation (Kadinsky-Cade et al., 1981) and Neogene volcanism (Kazmin et al.,
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1986). The combination of these observations suggests a hot or perhaps partially molten uppermost
mantle beneath the Turkish-Iranian Plateau. This anomalously hot upper mantle could be a
remnant of the backarc extension regime that dominated this region from the Jurassic to the
Neogene (Dercourt et al., 1986). The presence of hot, molten upper mantle weakens the
lithosphere, allowing larger deformation associated with the Arabian plate-Eurasia collision. This
resultsin the observed diffuse intraplate seismicity that extends well to the north of the plate
boundary delineated by the Zagros Main Thrust. Furthermore, the buoyancy associated with hot
upper mantle, combined to the buoyancy due to the deep continental roots in the region, can

contribute to maintain the high topography of the plateau.

Another significant upper-mantle low velocity anomaly is centered in western Mongolia, WSW of
lake Baikal (Figure 9). The central part of this anomaly coincides with the Hangay Dome area of
central Mongolia. The Hangay Dome is characterized by recent uplift, diffuse extension and
regionally upwarped topography (Cunningham, 1998). Thisis also aregion of recent Cenozoic
volcanism and high heat flow (with a maximum of approximately 80 mW/m?). Thereisa
remarkable agreement between the shape of the velocity anomaly (Figure 9a) and the heat flow
anomaly (Figure 5a of Cunningham, 1998). Thisregion in Mongolia has previously been
interpreted to overlie a mantle plume or asthenospheric diapir that also extends beneath the Baikal
region in Siberia (Windley and Allen, 1993). This region displays high seismic activity, and has
been the place of some of the largest (M > 8) intraplate earthquakes recorded during this century
(i.e., 1905 and 1957). Tectonic stresses produced by the impingement of the mantle plume on the
base of the lithosphere might be responsible for the seismotectonic behavior of the region

(Cunningham, 1998).
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Figure captions

Figure 1. Location map of the studied region. The thick black box outlines the boundaries of the
shear velocity model presented here. Earthquake hypocenters are from the dataset of Engdahl et al.
(1998). Notethe high level of diffuse intraplate seismicity extending from the eastern
Mediterranean to Southeast Asia. White squares show the location of nuclear test sitesin the
region.

Figure 2. Path density maps for group and phase velocity for the following waves and periods: a)
50 s Rayleigh wave group velocity, b) 100 s Rayleigh wave group velocity, ¢) 50-150 s Rayleigh
wave phase velocity, d) 50 s Love wave group velocity, €) 100 s Love wave group velocity, and f)
50-150 s Love wave phase velocity. Path density is defined as the number of great circle ray paths
that cross each 2 x 2 degree cell. For group velocities, path density maps are different for each
wave type and period. For phase velocities, the distribution of paths for each wave typeisidentical
for the entire period band of the measurements (50 s— 150 ).

Figure 3. Examples of group and phase velocity maps obtained by tomographic inversion of
surface wave dispersion measurements. @) 20 s Rayleigh wave group velocity, b) 50 s Rayleigh
wave group velocity, ¢) 100 s Rayleigh wave group velocity, and d) 100 s Rayleigh wave phase
velocity.

Figure 4. Parameterization of the shear velocity model. A one-dimensional velocity profileis
estimated for each node of the 2 x 2 degree geographic grid.

Figure5. A priori crusta information used as starting/reference model for the shear velocity
inversion: a) sediment thickness model of Laske and Masters (1997), and b) crustal thickness

model obtained by combining regional models for Eurasia (Kunin et al., 1987; G. Laske, personal
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communication) and global models (Mooney et al., 1998).

Figure 6. Inversion results and datafit for a point in western Mongolia with coordinates 48°N,
95°E. a) Isotropic model parameterization (Vsq = Vsy). Theleft panel shows the starting and final
(aefter inversion) models. Thetop right panel shows the data fit for group velocities (period band 20
s— 200 s), and the bottom right panel shows the datafit for phase velocities (period band 50 s— 150
s). Thethin solid lines represent the data, the thin dashed lines show the predictions from the
starting model, and the thick gray lines are the result of theinversion. b) Transversely isotropic
parameterization (Vsy # Vsy between Moho and 220 km depth, and isotropic for al other depths).
Symbols asin previous panels.

Figure 7. Comparison between surface wave group and phase velocity maps (data) and predictions
from the shear velocity model obtained in this study: a) group velocity map for 50 s Rayleigh
waves (data), b) model predictions, c) phase velocity map for 100 s Rayleigh waves (data), and d)
model predictions.

Figure 8. Inversion resultsfor @) sediment and b) crustal thicknesses. Compare results with
starting/reference model (Figure 5).

Figure 9. Shear velocity structure in the uppermost mantle (horizontal slice at 100 km depth). a)
Vsy Velocity obtained in this study by inversion of surface wave velocities. b) vs model of Bijwaard
et a. (1998) obtained by inversion of S-wave arrival times.

Figure 10. Strength of anisotropy (transverse isotropy) at 80 km depth. The values displayed are
percentage anisotropy, defined as 200(vsy—Vsv)/ (VsutVsy). Positive valuesindicate vsy > vsy. The
percentage anisotropy value for PREM at 80 km depth is ~3.4%.

Figure 11. Velocity gradient of the shear velocity model between Moho and 220 km depth. A

positive value indicates that velocity increases with depth. A negative value indicates the existence
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of alow velocity zonein this depth range. Unitsare m/s’km. a) Velocity gradient for vsy, and b)

velocity gradient for vsy. A low velocity zoneis pervasive for vsy and mostly absent for vsy.
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